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Muon radiography, also known as muography, is an imaging technique that provides information on the mass density distribution inside large objects. Muons are naturally produced in the interactions of cosmic rays in the Earth's atmosphere. The physical process exploited by muography is the attenuation of the muon flux, that depends on the thickness and density of matter that muons cross in the course of their trajectory. A particle detector with tracking capability allows the measurement of the muons flux as a function of the muon direction. The comparison of the measured muon flux with the expected one gives information on the distribution of the density of matter, in particular, on the presence of cavities. In this article, the measurement performed at Mt. Echia in Naples Sci. Rep. 7, 1181. (doi:10.1038/s41598-017-01277-3)), will be discussed as a practical example of the possible application of muography in archaeology and civil engineering.
This article is part of the Theo Murphy meeting issue 'Cosmic-ray muography'.
The relative transmission R
Absorption muography is, in principle, similar to conventional X-ray radiography. It exploits the dependence of the attenuation of the radiation of the thickness and density of the matter traversed. However, muons are highly penetrating particles. In particular, the high-energy component of the spectrum of the muons generated by interactions of cosmic rays, reaching energies of several TeV and even beyond that, allows for investigation over a very wide range of thickness, from tens up to hundreds of metres of rock. An important difference is that muons are charged particles. Using a detector with tracking capability the direction of the muons is measured. This allows the investigation of the rock property as a function of the direction, usually expressed in terms of the elevation angle α and of the azimuth angle φ (figure 1).
The transmission is defined as the ratio between the flux of muons that reaches the detector after passing through the rock and the flux that would reach the detector in the absence of absorption in the rock. The transmission can be either measured (Measured Transmission T m ) or estimated (Expected Transmission T). The Measured Transmission is evaluated using two samples of measured muon fluxes, one measured in the 'free sky mode', i.e. at ground level in the absence of any significant obstacle, and one measured muons underground. The Expected Transmission is entirely evaluated by numerical methods, using the known muon flux impinging the Earth's surface at free sky and accounting for the known absorption properties of matter.
The Expected Transmission can be calculated as follows. The number of muons N u (ρ, α, φ) which are expected to be recorded underground in any given angular region around (α, φ) in a data taking time T u can be written as: where S eff (α, φ) is the so-called effective area of the detector and Φ(α, φ, E) is the differential muon flux with respect to the muon energy E, in the given angular region.
The lower limit E min (ρ, α, φ) of the integral in equation (2.1) is the minimum energy that muons must have in order to cross the rock and reach the detector. It depends on average rock density ρ and on the rock thickness d(α, φ) 'seen' from the detector in the direction (α, φ). The rock thickness d(α, φ)' is calculated using a Digital Terrain Model (DTM) without considering any known structure, i.e. considering the distance between the detector and the ground as uniformly filled with rock. E min is calculated from models that parametrize the muon energy loss in the matter [28] .
The effective detector area does not depend significantly on the muon energy and can be written as follows:
where S is the sensitive area of the detector, A(α, φ) is its geometrical acceptance, trig (α, φ) is the trigger efficiency, DAQ (ν trig ) is the data acquisition efficiency (that depends on the trigger rate ν trig ) and an (α, φ) is the analysis efficiency. Similarly, the number of free-sky muons expected in a time interval T fs can be written as:
where E 0 is the minimum energy required to detect muons in the free sky sample acquired in laboratory and estimated to be about 100 MeV. The expected ratio between the underground and the free sky samples can be written as
It can be assumed (see §3a) that the geometrical acceptance, the trigger efficiency and the analysis efficiency are very similar in the two data samples and simplify themselves in the ratio. The only quantity that has a appreciable change is the data acquisition efficiency DAQ (ν trig ) that, depending on the trigger rate ν trig , is different in the two data samples. The ratio between the two DAQ efficiencies can be calculated and the following equation can be written: where C is the calculable constant
The quantity
represents the expected transmission. Its value is obtained using an integration limit E min (ρ, α, φ) evaluated as specified above, under the hypothesis that no cavities are present. From equation (2.5), the measured transmission is calculated as
The Relative Transmission R(ρ, α, φ) is defined as the ratio between the measured and the expected transmission:
The relative transmission R equals unity in case no region with a density anomaly is intercepted by the muons and the rock density ρ inserted in the calculation of the expected transmission is the correct one. Conversely, an angular region with R > 1 can be interpreted as a region where the muons are intercepting a low density volume, like a cavity, and therefore an excess of muons with respect to the expected one is measured.
Measurements at Mt. Echia, Naples
Mt. Echia (also known as Pizzofalcone, see figure 2) hosted the ancient greek colony Parthenope, founded in eighth century BC. From the geological point of view, it consists of a bulk structure of yellow neapolitan tuff, a typical rock of volcanic origins that is very common in this area. The physical properties of this rock make it suitable to extract bricks for construction. Most of the buildings in Naples were built by digging a well and extracting bricks from an underground quarry on site below the building itself. The cavities created in this way were often used as water cisterns. Other excavations were made for different purposes, thus creating a dense underground network. Among these excavations, it is worth remembering the Bourbon Tunnel, which puts the Royal Palace in communication with the military quarters, located on the opposite side of Mt. Echia. For most of the known cavities and tunnels metric surveys are available. In addition to its intrinsic interest, Mt. Echia is, therefore, suitable for investigating how well muography can detect underground structures in a complex underground environment. In this paper, we report on the measurements that were performed in order to demonstrate the capability to observe a 'test chamber'. The muon detector was located at about 30m depth in a recess near the Bourbon Tunnel (see figure 3) . The test chamber that has been chosen is shown in figure 4 and its dimensions are given in figure 5 .
(a) Muon detection
Details concerning the muon detector are available in [14] [15] [16] 29, 30] . We briefly report here some of the most relevant features. The detector is made of bars of scintillating plastic [31] As mentioned in the §2 one of the main advantages of the method of the Relative Transmission lies in the limited use of numerical evaluation of the detector performances, as the geometrical efficiency, the trigger efficiency and the analysis efficiency simplify out in the expression (2.4) under the hypoyhesis that they can be considered to be constant. Such a hypothesis is well matched by the detector. Concerning the geometrical efficiency, the relative position of the detection planes can be reproduced with less than 1 mm precision thanks to reference markers placed on the mechanical structures that host the scintillator bars and on the frame where they are placed during the acquisition. Plastic scintillators and WLS fibres are very stable in time and their properties are not sensitive to environmental changes in temperature, pressure, humidity and so on. Anyway the temperature and air humidity were continuously monitored during the data taking runs. The only relevant parameter sensitive to temperature changes is the breakdown voltage V br of the Silicon Photomultiplier. However, their temperature is maintained constant by an water-based heat exchanger with a fixed temperature of 20.00 ± 0.01 • C. Moreover, during the data acquisitions calibration samples of dark noise were acquired almost every hour. From these samples, the Silicon Photomultiplier gain and the front end electronics pedestals can be easily measured. During all the data acquisitions these parameters were stable, and the trigger efficiency and data analysis efficiency can be considered constant.
Concerning the DAQ efficiency, since the system is based on a real time, finite-state machine implemented on a FPGA, and the amount of data acquired in each trigger is constant, the dead time correction is easily computed and inserted in the DAQ efficiency ratio. A sample of about 14 × 10 6 events was acquired during 26 days of data taking.
(b) Muography of the test chamber Figure 6 shows a map of the Relative Transmission R as a function of the elevation angle α and of the azimuth angle φ. In the regions with R > 1, the measured transmission is larger than that expected in the absence of cavities. The figure shows evidence of several regions with R > 1, thus indicating the presence of several cavities including the test chamber.
We have developed a method that allows us to quantitatively establish the correspondence between such regions and existing cavities. The method is based on the evaluation of the length d(α, φ) of the path of muons in going across the cavity before reaching the detector. It makes use of a numerical approach, allowing the simulation of cavities with a complex shape that is difficult to represent analytically. The method is here applied to the test chamber. Starting from the known positions of the corners of the chamber, an object of type solid was created using the software tool FREECAD (https://www.freecadweb.org/). Using the method IsInside a grid of points with a pitch of 10 cm that are inside the test chamber was computed (figure 7). This grid allowed us to numerically evaluate the length of the muon path in the chamber, which was then subtracted from the total length of the muon path in the mountain. In this way, the muographic image R(α, φ) corresponding to the test chamber alone was evaluated, as shown in figure 8 .
In figure 9 , the contour of the image in figure 8 is superimposed on the measured image given in figure 6 . The agreement is very good. The small discrepancies are probably due to the approximation of the survey, from which the geometrical model of the test chamber was obtained.
(c) Effective density and the density effect
The bulk of Mt. Echia consists of Neapolitan yellow tuff. The density of a grain is in the range of 2.4 ÷ 2.5 g cm 3 and the porosity is in the range of 50 ÷ 60%. Typical values of the apparent density (that is the ratio between the weight and the volume of the rock, including the intermediate and hollow spaces) of the dry yellow tuff in the Naples area are in the range 1.0 ÷ 1.2 g cm −3 , but the actual density depends on the water contents [32, 33] .
In the evaluation of the expected transmission, hence of the Relative Transmission R, the average density of the crossed rock is used. In [27] , a density of 1.4 g cm −3 was introduced as a reasonable starting value. The density was then estimated using five different 'control regions', defined as regions where R is at the minimum and interpreted as regions where no cavities are intercepted by the muons. For each of these regions, the value of the density was defined as the one giving R = 1. The values found in the five regions are very close to each other. Their average, ρ = 1.7 g cm −3 , was called effective density. This value is larger than expected and, as an example, could be reached if the rock, that has a porosity of 50% in volume, would be completely filled with water, which is not a realistic hypothesis. A possible explanation of this large value of the effective density could be the following. As already mentioned, the path length of muons in the rock is evaluated from a DTM obtained by a LIDAR survey with a precision of 1 m in the horizontal x-y coordinates and 10 cm in the vertical z-coordinate. The DTM evaluates the altitude at the ground level, eliminating the contribution of the buildings. However, the muon flux is reduced by the presence of the buildings. Thus the method introduces a systematic effect that increases the density parameter in order to take into account the presence of the buildings. This can be a cause of the large value of the effective density.
To study this effect, the density was evaluated using a region in the vertical direction with respect to the detector. In this direction, the ground is not covered by buildings, as it is emerging in a courtyard. By accounting for the reduction of the total thickness of rock that is traversed by the muons due to the presence of the test chamber, we obtained for the density a value ρ = 1.4 g cm −3 , close to the expected value.
We also studied how a possible error on the density could affect the detection of cavities. Using a value of density different from the real one has, at the first order, a systematic shift in the value of R. In addition, small local disuniformities in R are produced, which in principle could be identified as fake signals of cavities. This effect is shown in figure 10 , where the relative transmission is evaluated using for the expected transmission a density of ρ = 1.4 g cm −3 , whereas the measured transmission is simulated with a density of ρ = 1.2 g cm −3 without introducing cavities. Beside a systematic shift of the average value of R, of about 25%, disuniformities in R are visible. However, the maximum difference is of the order of 4%, which is much smaller then the difference used to define cavities, of the order of 20%.
Conclusion
A campaign of muographic measurements was carried out to investigate underground cavities at Mt. Echia, the ancient site of the city of Naples. The results obtained show that all known cavities have been identified. Furthermore, the capability of investigating the features of hidden cavities was successfully tested by precisely reproducing the muographic image of a known chamber, consisting of a sequence of cavities. The results are particularly interesting also because they have been obtained in a complex underground environment, characterized by the presence of many cavities of anthropic origin and in a strongly urbanized context, where conventional survey techniques cannot always be applied. This work shows that in recent years muography has considerably grown from both the instrumental point of view and from the point of view of the methodologies of data analysis. Muography is likely to become, in the next few years, widely used prospecting technique, providing a further tool in the field of geophysics, archaeology and civil engineering.
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